GABA acts as the major inhibitory neurotransmitter in the mammalian brain, shaping neuronal and circuit activity. For sustained synaptic transmission, synaptic vesicles (SVs) are required to be recycled and refilled with neurotransmitters using an H + electrochemical gradient. However, neither the mechanism underlying vesicular GABA uptake nor the kinetics of GABA loading in living neurons have been fully elucidated. To characterize the process of GABA uptake into SVs in functional synapses, we monitored luminal pH of GABAergic SVs separately from that of excitatory glutamatergic SVs in cultured hippocampal neurons. By using a pH sensor optimal for the SV lumen, we found that GABAergic SVs exhibited an unexpectedly higher resting pH (∼6.4) than glutamatergic SVs (pH ∼5.8). Moreover, unlike glutamatergic SVs, GABAergic SVs displayed unique pH dynamics after endocytosis that involved initial overacidification and subsequent alkalization that restored their resting pH. GABAergic SVs that lacked the vesicular GABA transporter (VGAT) did not show the pH overshoot and acidified further to ∼6.0. Comparison of luminal pH dynamics in the presence or absence of VGAT showed that VGAT operates as a GABA/H + exchanger, which is continuously required to offset GABA leakage. Furthermore, the kinetics of GABA transport was slower (τ > 20 s at physiological temperature) than that of glutamate uptake and may exceed the time required for reuse of exocytosed SVs, allowing reuse of incompletely filled vesicles in the presence of high demand for inhibitory transmission.
GABA acts as the major inhibitory neurotransmitter in the mammalian brain, shaping neuronal and circuit activity. For sustained synaptic transmission, synaptic vesicles (SVs) are required to be recycled and refilled with neurotransmitters using an H + electrochemical gradient. However, neither the mechanism underlying vesicular GABA uptake nor the kinetics of GABA loading in living neurons have been fully elucidated. To characterize the process of GABA uptake into SVs in functional synapses, we monitored luminal pH of GABAergic SVs separately from that of excitatory glutamatergic SVs in cultured hippocampal neurons. By using a pH sensor optimal for the SV lumen, we found that GABAergic SVs exhibited an unexpectedly higher resting pH (∼6.4) than glutamatergic SVs (pH ∼5.8). Moreover, unlike glutamatergic SVs, GABAergic SVs displayed unique pH dynamics after endocytosis that involved initial overacidification and subsequent alkalization that restored their resting pH. GABAergic SVs that lacked the vesicular GABA transporter (VGAT) did not show the pH overshoot and acidified further to ∼6.0. Comparison of luminal pH dynamics in the presence or absence of VGAT showed that VGAT operates as a GABA/H + exchanger, which is continuously required to offset GABA leakage. Furthermore, the kinetics of GABA transport was slower (τ > 20 s at physiological temperature) than that of glutamate uptake and may exceed the time required for reuse of exocytosed SVs, allowing reuse of incompletely filled vesicles in the presence of high demand for inhibitory transmission.
synaptic vesicle | VGAT | inhibitory neuron S ynaptic transmission is mediated by quantal release of neurotransmitters stored in synaptic vesicles (SVs) that are locally recycled at the presynaptic terminals (1) . Because vesicular transport of classical transmitters depends on an H + electrochemical gradient (ΔμH + ) generated by the vacuolar-type H + ATPase (V-ATPase), the rate and extent of ΔμH + formation can influence quantal size (2) . Recent characterization of net proton influx into excitatory glutamatergic SVs in cultured neurons (3) revealed kinetics similar to that of glutamate uptake (4) and thus, highlighted possible temporal coupling between luminal proton dynamics and transmitter uptake. However, how H + accumulates and how much accumulates in inhibitory GABAergic SVs remain unknown.
Because the molecular composition of inhibitory SVs is almost identical to that of excitatory SVs, except for the respective vesicular neurotransmitter transporters (5, 6) , any differences in luminal [H + ] could be explained, in part, by differences in the H + coupling to their respective vesicular neurotransmitter transport. Indeed, biochemical studies using SVs isolated from brains have indicated that the contribution of ΔμH + on uptake differs substantially (2) . Vesicular glutamate transport predominantly relies on the electrical gradient (Δψ) and results in an enhanced chemical gradient ΔpH (7, 8) . In comparison, vesicular GABA transport is equally dependent on both Δψ and ΔpH, which is thought to result from a concomitant H + exchange (9, 10). However, a study using proteoliposomes reconstituted with vesicular GABA transporter (VGAT) (11, 12) proposed that VGAT operates a Δψ-driven GABA/2Cl
-cotransporter without the need for ΔpH (13) . Clarification of the enigmatic GABA transport mechanism was recently provided by Farsi et al. (14) , who imaged the pH-sensitive superecliptic pHluorin in isolated single SVs and found evidence that VGAT functions through a GABA/H + antiport mechanism. However, no evidence has been obtained that shows any changes in luminal [H + ] associated with V-ATPasedependent GABA uptake. In addition, acidification of isolated or reconstituted vesicles does not necessarily reflect the situation in SVs in living neurons, particularly because the ionic composition in isolated vesicles is altered during the isolation procedure (15) . Therefore, to gain a more accurate understanding of the vesicular loading mechanism for GABA, examination of luminal pH dynamics linked to GABA uptake in functional synapses is important.
Molecules that are pH sensitive, such as pHluorin and CypHer, have been targeted to the SV lumen and used to track vesicle exo-/ endocytosis in culture preparations (16, 17) . To date, no diversity in SV acidity across neurotransmitter phenotypes has been reported. These pH sensors, however, have a pK a > 7, which has likely hindered the detection of differences in SV pH, particularly Significance Neurotransmitters are stored in synaptic vesicles (SVs) depending on the energy provided by an H + gradient. The inhibitory transmitter GABA is critical for coordinated neuronal activity of the brain, and vesicular transport of GABA is essential for its release. However, the transport process has been characterized primarily in isolated or reconstituted vesicle preparations, and we know little about its properties at functional synapses. Here, by monitoring the pH of SVs in GABAergic neurons apart from excitatory glutamatergic neurons, we show that GABA transport into SVs is tightly coupled to SV alkalization in living neurons, which occurs at an unexpectedly slow rate, suggesting a possible contribution of incompletely filled vesicles during sustained stimulation at GABAergic synapses.
in a minor population, such as GABAergic terminals. Here, by expressing mOrange2 (18) fused to the luminal region of synaptophysin (syp-mOr; pK a = 6.5) in cultured neurons derived from VGAT-Venus transgenic (Tg) mice (19) , we compared the properties of luminal acidity between GABAergic and glutamatergic SVs. We show that luminal pH and its dynamics during SV recycling in GABAergic SVs markedly differ from those in glutamatergic SVs. By analyzing VGAT-deficient neurons, we further show that the unique behavior of luminal pH in GABAergic SVs can be accounted for by H + efflux coupled to GABA uptake.
Results
High Luminal pH of GABAergic SVs. As we have previously shown, syp-mOr enables accurate measurement of the entire range of SV pH (3). To express syp-mOr in a neuron-specific manner, we used two lentiviral vectors with a Tet-inducible system (20) . When expressed in cultured hippocampal neurons prepared from VGATVenus Tg mice, the majority of syp-mOr puncta colocalized with Venus-negative boutons that were immunoreactive for the glutamatergic presynaptic marker, vesicular glutamate transporter 1 (VGLUT1) (21, 22) . In comparison, a minor fraction of syp-mOr puncta colocalized with Venus-positive GABAergic terminals (Fig. 1A) . With live imaging, we realized that some of the syp-mOr puncta were much brighter than others and often corresponded to Venus-positive boutons (Fig. 1B) , suggesting that GABAergic SVs had a higher pH than glutamatergic SVs. To quantify SV pH, surface probes were quenched with an acidic buffer (pH 5.5), and the total fluorescence at pH 7.4 was measured after the application of an ionophore mixture (Fig. 1C) . The analysis revealed that the pH of GABAergic SVs was 6.44 ± 0.03, remarkably higher than that of glutamatergic SVs (pH 5.80 ± 0.04) (Fig. 1D ). The distributions of SV pH measured from individual boutons revealed a single peak for both groups and were clearly separated (Fig. 1E) . We also confirmed the high resting pH of GABAergic SVs at near physiological temperature (35°C), at different stages in culture, and in cultured cortical neurons (Fig. S1 ). We were concerned that a considerable fraction of syp-mOr in GABAergic boutons may have been mislocalized to non-SV organelles, such as early/recycling endosomes, which have luminal pH of ∼6-6.5 (23). However, probe fractions that can be released by prolonged electrical stimulation were not different between the two synapse types ( Fig. S2 ) (56 ± 6% in GABAergic boutons and 52 ± 4% in glutamatergic boutons). These values are consistent with that reported previously with a pHluorin-based probe (24) . Thus, the possibility that the syp-mOr signal in GABAergic boutons was strongly biased by mislocalization to non-SV organelles was unlikely. The difference in resting pH of glutamatergic (5.8) and GABAergic (6.4) SVs seemed large enough to be detected with pHluorin (pK a = 7.1) (25) . To further validate our findings with syp-mOr, we performed the same SV pH measurements using pHluorin fused to the luminal region of synaptophysin (sypHy) (26) . sypHy was virally expressed in cultured hippocampal neurons prepared from VGAT-floxed STOP-tdTomato, Nestin-Cre doubleTg mice (27, 28) , in which inhibitory neurons specifically express the red fluorescent protein tdTomato (Fig. 1F) . Compared with syp-mOr fluorescence (Fig. 1C) , the baseline fluorescence of sypHy exhibited only a slight difference between glutamatergic and GABAergic boutons (Fig. 1G) , which was expected from the relatively higher pK a of pHluorin. Despite this difference, the calculated SV pH was identical to that obtained with syp-mOr in both glutamatergic (pH 5.82 ± 0.07) and GABAergic (pH 6.38 ± 0.05) boutons (Fig. 1H) . We note that estimation of SV pH from individual glutamatergic boutons was difficult in our sypHy imaging, because the fluorescence during acid application sometimes became negative because of the very low signal to noise ratio. In contrast, SV pH was reliably measured at individual GABAergic boutons using sypHy, and their distribution was not significantly different from that measured with syp-mOr (Fig. 1I ).
We asked if the strikingly higher resting pH of GABAergic SVs compared with that of glutamatergic SVs resulted from a higher buffering capacity (BC) of GABAergic SVs, which may limit acidification of organelles in general (29) . In fact, responses to 50 mM NH 4 + differed between the two SV types (Fig. 1 C and G) , indicative of distinct BCs. More precise measurements revealed that the BC of GABAergic SVs was ∼2.5-fold lower than that of glutamatergic SVs (Fig. S3) . Thus, other factors must account for the higher pH of GABAergic SVs.
pH Overshoot in GABAergic SVs After Endocytosis. To further explore the properties of luminal pH in GABAergic SVs, we next examined the response of syp-mOr fluorescence during SV recycling. After field stimulation (300 pulses at 30 Hz), syp-mOr fluorescence increased in both glutamatergic and GABAergic boutons. Intriguingly, unlike glutamatergic boutons, the fluorescence in GABAergic boutons decreased beyond baseline and barely recovered during the period of our recordings ( Fig. 2A) . This fluorescence overshoot in GABAergic boutons was also observed with the sypHy probe, although its magnitude was much smaller than that seen with syp-mOr (Fig. S4) . The fluorescence overshoot after stimulation raised at least three possibilities: lateral diffusion of the probe out of the synapses, concomitant excessive endocytosis of the surface probes, or overacidification below the resting SV pH. To test the first possibility, the same recordings were performed after treatment with the V-ATPase inhibitor bafilomycin A 1 (Fig. 2B ).
After stimulation, the increase in fluorescence was sustained for both types of synapses, indicating negligible probe diffusion out of the synapses. To clarify the latter two possibilities, we applied an acidic buffer (pH 5.5) before and 90 s after the stimulation to compare fluorescence intensities from the vesicle pools at rest with those near completion of endocytosis. As shown in Fig. 2C , the second acid application resulted in the same degree of quenching in both types of synapses, arguing against excessive endocytosis of syp-mOr selectively at GABAergic boutons. Furthermore, the fluorescence remaining within GABAergic boutons during the second acid application, which should reflect the pH of the SV pool, was significantly weaker than during the first acid treatment. This result was different from glutamatergic boutons and indicates that the fluorescence overshoot after stimulation resulted from overacidification of GABAergic SVs. When we performed the same recordings at 35°C to accelerate all of the SV recycling processes (3, 4, 30), we observed gradual recovery from the overshoot to the initial baseline at GABAergic boutons (Fig. 2D ).
Vesicular GABA Transport Alkalizes the SV Lumen. The pH overshoot and the subsequent recovery of endocytosed GABAergic SVs suggest that a mechanism is present that alkalizes the lumen after SV reacidification. We hypothesized that SV refilling with GABA, which has been proposed to occur through a GABA/H + exchange (9) (ref. 13 shows an alternative model), may underlie the observed SV alkalization. To address this hypothesis, we monitored the pH of SVs from VGAT-deficient neurons.
Hippocampal neurons prepared from VGAT-Venus
Tg/+ , VGAT flox/ flox (31) double-Tg mice were infected with two lentiviruses linking Cre recombinase (Cre) expression to Tet-inducible syp-mOr expression (Fig. 3A) , so that GABAergic neurons expressing syp-mOr were converted to VGAT
. As a control, we used a lentivirus lacking Cre. Indeed, Venus-positive boutons expressing syp-mOr lacked VGAT immunoreactivity only when Cre was incorporated (Fig. 3B) . Using electrophysiological approaches, we also found impaired vesicular GABA release in neurons converted to VGAT −/− (Fig. S5) . In neurons in which VGAT was deleted, the brighter syp-mOr fluorescence in Venus-positive boutons was not obvious at rest and became equally bright on application of ionophores at pH 7.4 (Fig. 3C) . Quantification revealed that the pH in VGAT-deficient GABAergic SVs was reduced to 5.98 ± 0.04, which was rescued to 6.39 ± 0.04 by overexpression of VGAT ( Fig. 3D and Fig. S6 ). BC did not differ significantly among all conditions tested (Fig. S7) . Furthermore, syp-mOr fluorescence in VGAT-deficient GABAergic boutons did not overshoot after stimulation and declined close to baseline (Fig. 3E) . Again, overexpression of VGAT in VGAT-deficient GABAergic neurons recapitulated the fluorescence overshoot observed in control GABAergic SVs. The fluorescence decay kinetics in VGAT-deficient GABAergic boutons (τ = 20 ± 2 s) was not significantly different from that in glutamatergic boutons recorded from the same preparations (τ = 25 ± 4 s) (Fig. 3F ). These observations clearly show that vesicular GABA transport was responsible for both high resting SV pH and the pH overshoot after endocytosis in GABAergic SVs.
Kinetics of GABA Uptake-Associated SV Alkalization. Finally, we attempted to estimate the rate of GABA uptake-associated alkalization. For this purpose, we recorded syp-mOr fluorescence in response to 300 stimuli at 35°C in both control and VGAT-deficient GABAergic boutons (Fig. 4A, Inset) . At this temperature, again, syp-mOr fluorescence in control boutons exhibited the characteristic overshoot and subsequent recovery, whereas boutons that lacked VGAT did not show the overshoot. Presumably, the rate of fluorescence change after cessation of stimulation in these two traces differs only in the presence of VGAT-dependent alkalization. Thus, when we convert the fluorescence decay of both traces to average changes in pH of exo-/endocytosed SVs and subtract one from the other, the kinetics of VGAT-dependent alkalization could be obtained. To this end, syp-mOr fluorescence traces were normalized to those during subsequently applied ionophores at pH 7.4 (Fig. 4A ). Because differences in resting luminal pH can lead to differential photobleaching rates, the effect of photobleaching was corrected. To convert the fluorescence to an average pH of exo-/endocytosed SVs, a fraction of exocytosed vesicles during the stimulus must be estimated. As shown in Fig. S2 , ∼50% of the vesicle fraction was exocytosed during stimulation at 25°C. Because the rate and extent of vesicle release are independent of the recording temperature (30), we considered the observed fluorescence changes as those derived from the pH change in 50% of the total vesicle pool. We first calculated the maximal fluorescence increase that occurred when 50% of the vesicles were exocytosed (Δf rel ) as follows:
where F rest and F pH 7.4 are the total fluorescence predicted when all probe molecules in a terminal are exposed to resting SV pH and pH 7.4, respectively. According to the HendersonHasselbalch equation, F rest /F pH 7.4 was given as follows: , where the resting SV pH values of control and VGAT-deficient GABAergic SVs were 6.42 and 5.98, respectively (Fig. 3D) . The fluorescence from the released fraction was subsequently quenched because of vesicle acidification after endocytosis. The quenched fluorescence at a given time point (Δf t ) was similarly described using the average pH of exo-/endocytosed SVs at this time point (pH t ) and the total fluorescence at pH t (F pHt ):
Therefore, pH t was calculated as follows:
In Fig. 4B , time courses of pH t in the presence or absence of GABA uptake were illustrated. The subtraction of these two curves revealed the kinetics of GABA uptake-associated alkalization that followed exo-/endocytosis of 50% of the vesicles (Fig.  4C ). The alkalization was fitted well by a single exponential function with a time constant of 25 s. To validate our method to estimate the kinetics of SV alkalization associated with GABA transport, we examined neurons with modified VGAT expression levels. In the case of VGATheterozygous neurons (VGAT flox/+ +Cre), alkalization was slower than the control (τ ∼ 31 s), whereas the resting pH was not altered (Fig. 4 D-F) . In contrast, overexpression of VGAT increased the vesicular pH to 6.54 ± 0.04 and resulted in SV alkalization with an identical time constant as the control (Fig. 4  D-F) , collectively indicating a faster alkalization rate. These results were consistent with the hypotheses that overexpression of vesicular neurotransmitter transporters would result in increased neurotransmitter content (32-34) with a faster transport rate and that a reduction in the transporter level would slow down the rate of transport.
Discussion
By using mOrange2, which has a pK a that is more suitable for monitoring the entire range of SV pH, we showed hitherto unrecognized features of luminal pH of GABAergic SVs in synapses in living neurons. The resting pH of 6.4 in GABAergic SVs is remarkably higher than that of glutamatergic SVs (5.8), which is considered to be a typical luminal pH of SVs and other secretory organelles (23) . In addition, the pH dynamics of GABAergic SVs after endocytosis exhibited unique behavior involving an initial overacidification and subsequent recovery. In a previous study, cypHer5E, a pH-sensitive fluorescent dye (pK a = 7.1), was conjugated to an anti-VGAT C-terminal antibody and used to monitor GABAergic SV recycling, but no fluorescence overshoot after stimulation was apparent (17) . One possible explanation is that its relatively high pK a may have somewhat obscured the phenomenon that reflects a pH change below ∼6.4. Indeed, in our pH imaging with sypHy, which has pK a that is similar to cypHer5E, the fluorescence overshoot in GABAergic terminals was not as prominent as that seen in syp-mOr imaging. Moreover, cypHer5E fluorescence, which is maximal at acidic pH, is not as photostable, and thus, photobleaching itself or the procedure to correct for photobleaching may have further masked the fluorescence overshoot and subsequent recovery.
Analysis of VGAT-deficient neurons revealed that a striking difference in the resting pH between glutamatergic SVs and flox/flox neurons is also shown (gray; n = 13; 215 boutons). **P < 0.01, one-way ANOVA followed by Bonferroni's test; ***P < 0.001, one-way ANOVA followed by Bonferroni's test. (E) syp-mOr fluorescence in response to field stimulation within GABAergic boutons from control (green; n = 12; 196 boutons), Cre-expressing (red; n = 11; 167 boutons), and Cre+ VGAT-expressing (blue; n = 17; 199 boutons) VGAT flox/flox neurons and glutamatergic boutons from Cre-expressing VGAT flox/flox neurons (gray; n = 12; 205 boutons). Fluorescence of GABAergic boutons from Cre-expressing neurons remained close to baseline even 120 s after stimulation, which was significantly higher than that from control neurons. ***P < 0.001, unpaired t test. (F) Decay time constant of syp-mOr fluorescence in glutamatergic and GABAergic boutons from Cre-expressing neurons (P = 0.20, unpaired t test). Error bars indicate SEM.
GABAergic SVs as well as their pH dynamics after endocytosis largely resulted from the presence of GABA transport. The remainder of the pH difference (∼0.2 pH units) remains elusive, but it may be because of vesicle acidification as a result of glutamate transport (7) or the Cl -conductance that is intrinsic to VGLUTs (22, (35) (36) (37) . Therefore, our results support the notion that, despite the similarity in molecular composition between glutamatergic and GABAergic SVs, SVs acquire unique properties because of the expression of their respective neurotransmitter transporters (5, 6, 21) .
The unique biphasic pH dynamics observed in GABAergic SVs, which diminished in VGAT-deficient neurons, provides a number of insights into the proton-driven GABA transport mechanism. First, the observed VGAT-dependent alkalization of SVs after the transient overacidification strongly indicates that VGAT operates as a GABA/H + exchanger (Fig. S8 ). In addition, acidification of GABAergic SVs must precede GABA uptake (i.e., protonation of the luminal side of VGAT is required for its activation). Such observations are in good agreement with earlier biochemical studies of GABA uptake into isolated SVs (9) that suggested a pivotal contribution of ΔpH on GABA transport and argue against an alternative model of ΔΨ-driven GABA/2Cl -cotransport (13) . The latter mode of coupling seems unlikely in intact SVs, because Cl -entry coupled to GABA transport would promote acidification by dissipating ΔΨ (38) . These conclusions are highly consistent with a recent investigation of isolated single SVs (14) .
Second, given that H + efflux seems to be coupled to GABA transport, the higher steady-state pH of GABAergic SVs indicates that GABA transport produces a shift in the H + equilibrium. This pH shift can be explained by the presence of substantial GABA leakage, requiring continuous H + -coupled GABA transport, even at steady state (Fig. S8) . Such features seem in contrast to vesicular transport of cationic transmitters, such as dopamine and ACh. Although both transporters are coupled to exchange with H + (39), the SV steady-state pH was measured at ∼5. 6 (40, 41) . The relatively lower pH of dopamine-and ACh-containing SVs may result from the impermeability of the charged cationic transmitters through the anionic phospholipid bilayer, and thus, ΔpH is not continuously consumed after SVs are packaged. In support of this view, a study of peripheral cholinergic synapses indicated that inhibition of the vesicular ACh transporter did not reduce vesicular content in the absence of stimulation (42) . In contrast, at glycine/GABA coreleasing interneuron varicosities, the vesicular GABA content is depleted by blocking cytosolic GABA synthesis, independent of exocytosis (43) . This leaky nature of GABA through the lipid bilayer was also shown in proteoliposomes (10) . Thus, we conclude that continuous H + -coupled GABA transport is absolutely required to offset leakage and maintain the vesicular GABA content.
We estimated the kinetics of GABA uptake-associated alkalization as τ = 25 s at 35°C. We reasonably assume that GABA transport is stoichiometrically coupled to H + efflux and therefore, that refilling of GABA into SVs occurs on the order of several tens of seconds. Although the kinetics that we report represents the time required to load ∼50% of vesicles (almost all recycling pool vesicles), the rate of GABA uptake into SVs estimated here in living synapses is substantially faster than that measured previously using isolated SVs in vitro (τ is approximately several minutes) (44) . However, the rate of GABA uptake is much slower than that of glutamate uptake measured at calyx of the Held synapses, which occurs with τ = 7 s at 35°C (4). Consistent with the relatively fast kinetics of glutamate uptake compared with vesicle reuse (45) , release of partially filled vesicles was not detected, even after high-frequency stimulation at glutamatergic synapses (46) . However, whether GABAergic quantal size can be altered by high-frequency firing remains unknown. Our results allow the possibility that refilling of GABAergic vesicles fails to keep up with sustained transmission.
Materials and Methods
Additional information is in SI Materials and Methods.
Neuronal Cultures. Primary hippocampal cultures were prepared from 0-to 1-d-old mice as described previously (3) . Cultures were infected with a pair of lentiviruses to express syp-mOr or sypHy at 6-7 d in vitro (DIV) and imaged at 13-16 DIV unless otherwise noted. To conditionally delete VGAT in cultures prepared from VGAT flox/flox mice, cultures were infected with the "regulator" lentivirus vector carrying either Cre-P2A-advanced tetracycline transactivator (tTAad) or tTAad alone at 0 DIV and the "response" vector at 7 DIV. All animal experiments were conducted with the approval of the Institutional Animal Care and Use Committee at Doshisha University. Live Imaging and Analysis. Cells cultured on a 27-mm-diameter glass-bottomed dish were placed in a custom-made imaging chamber on a movable stage and continuously perfused with standard extracellular solution containing 140 mM NaCl, 2.4 mM KCl, 10 mM Hepes, 10 mM glucose, 2 mM CaCl 2 , 1 mM MgCl 2 , 0.02 mM 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), and 0.025 mM D-2-amino-5-phosphonovaleric acid (D-APV) (pH 7.4). Solutions used during image acquisition were applied directly onto the area of interest with a combination of a fast flow exchange microperfusion device and a bulb controller, both of which were controlled by Clampex 10.2. For acid quenching of surface probes, MES-buffered (pK a = 6.1; 10 mM) solution at pH 5.5 was applied. During the experiments using acid quenching, 2 mM Ca 2+ was replaced with 2 mM Mg 2+ , except during electrical stimulation, when a standard extracellular solution was applied. For field electrical stimulation, 1-ms constant voltage pulses (50 V) were delivered via bipolar platinum electrodes. A mixture of ionophores was composed of 20 μM carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP), 10 μM valinomycin, 10 μM nigericin, and 0.02% Triton X-100 in K + -rich solution, in which 120 mM NaCl was replaced with 120 mM KCl and puff applied onto target boutons using a pulse pressure device.
Fluorescence imaging was carried out on an inverted microscope (Olympus) equipped with a 60× (1.35 N. A.) oil immersion objective and 75-W Xenon lamp. Live imaging was performed at room temperature (∼25°C) unless otherwise noted. Images (600 × 900 pixels) were acquired with a scientific complementary-metal-oxide semiconductor (cMOS) camera (ANDOR) in a streaming mode at a 5-Hz sampling rate for measuring SV pH and BC or a time-lapse mode at 1 Hz for measuring the fluorescence response to field stimuli. Venus and sypHy were imaged with 459-to 481-nm excitation and 499-to 529-nm emission filters, respectively. syp-mOr and tdTomato were imaged with 546-to 566-nm excitation and 575-to 625-nm emission filters, respectively. Although the fluorescent spectra of Venus and mOrange are relatively close, above filter sets effectively separate them at the expense of signal intensities, and no bleed through was observed.
Acquired images were analyzed using MetaMorph software. Circular regions of interest (ROIs; 2.26-μm diameter) were manually positioned at the center of fluorescent puncta. Another five ROIs of the same size were positioned at regions where no cell structures were visible, and their average fluorescence was subtracted as a background signal. Data for <20 boutons from a single experiment were averaged and counted as an n of 1. Data were collected from at least three different dishes.
